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FOREWORD 


This  report  was  prepared  by  the  Air  Force  Flight  Dynamics  Laboratory  (AFFDL),  Direc¬ 
torate  of  Laboratories,.  Air  Fores  Systems  Commaad.  Wri^it-PattersoaAir  Force-Base,  Ohio, 
The  work  was  initiated  under  PxojectjNo.  6146,  *  ‘Atmosphere  and  Thermal  Control,”  Task 
No.  614611,  “Biochemical  Techniques  of  GartonDioxide  Flxaiion,,,br.  JqhaP.  Allen  (FDFE), 

Project Engineer.  '  '  - V  ,,  c  -  .  ,  c- 

-  "  1  ..  '  %c  *®  ■ 

c-  o  *  Z 

This  report  summarizes  the  investigations  and  results  vf  work  performed  in  the  atmosphere 
regeneration  and  control  laboratories  of  AFFDL  from  January  1966  to  October  1966,  empha?- 
sizing  studies  on  carbon  dioxide  absorption  and  desorption  by  a  iris  buffer  solution  containing 
the  enzyme,  carbonic  anhydrase.  The  manuscript  was  released  by  the  author  in  Deceiaber  JL966 
for  publication  as  a  technical  report.  .  *  ■. 

.  . .  .  ^ 

All  of  the  items  compared  in  this  report  were  commercial  items  that  were  imt  developed  or 
manufactured  to  meet  Government  specifications,  to  withstand  the  tests  to  which  they  were 
subjected,  or'  to  operate  as  applied  during  this  study.  Any  failure  to  meet  the  objectives  of 
this  study  is  no  reflection  on  any  of  toe  commercial  items  discussed  herein  or  on  any  manu¬ 
facturer.  c 
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This  technieal  report  has  been  reviewed  and  is  approved; 


msm xrs&A&r 

Chief*  Environmental  Control  Branch 

Vehicle  Equipment  Division 

Air  Force  Flight  Dynamics  Laboratory 
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ABSTRACT 


One  concept  of  carbon  dioxide  control  In  aerospace  vehicle  atmosphere  regeneration  and 
control  require  i  an  efficient  gag  absorber  which  is  effective  in  a  moist  gas  stream.  A  tris 
(trtflydroxymethy  Bsminometbane)  solution  containing  the  enayzne,  carbonic  anhydrase 

(CA),  was  studied  as  to  carbon  dioxide  absorption  and  desorption.  The  carbon  dioxide  content 
and  tbe  pH  changes  were  monitor ed  during  tbe  recycling  of  a  gas  mixture  through  the 
absorber  solution.  Desorption  was  accomplished  by  nitrogen  aeration,  Tbe  application  of 
DC  potentials  to  the  absorber  solution  indicated  an  acceleration  pi  carbon  dioxide  desorption. 
Vacuum  desorption  of  carbon  dioxide  without  nitrogen  bubbling  was  not  effective.  Nitrdfsn 
aeration  at  33aC  was  more  elective  than  at  room  temperature  or  at  l3’C.  The  pH  of  the 
enzyme-tris  solution  varied  inversely  with  the  carbon  dioxide  content.  The  iris  solution 
was  a  more  effective  carbon  dioxide  absorber  than  0  N  NaOK  when  the  enzyme  was  present. 
A  long  time  stability  of  approximately  five  weeks  for  a  70-ml  aliquot  of  tris  ai.  0.1  Nwith 
io  mg  of  CA  was  indicated  by  Us  repeated  absorption  and  desorption  riins  made,  in  the  re^  . 
generation  studies.  The  application  rfabuffered  enzyme  solution  to  carbon  dioxide  control 
is  exported  by  a  rapid  removal  rate  from  a  recycling  air  stream  and  a  regeneration  capa¬ 
bility.  This  concept  of  carbon  dioxide  control  requires  additional  research  for  the  evaluation 
of  techni<pjes  to  accelerate  the  carbon  dioxide  desorptipn.prpcess. 


(This  abstract  is  subject  to  special  export  controls  and  each  transmittal  to  foreign  govern- 
ments  or  foreign  nationals  may  be  marie  only  with  prior  approval  of  the  Air  Force  Blight 
Dynamics  Laboratory  (FpFE) ,  Wright-Patterson  Air  Force  Base,  Ohio  45433.) 
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SECTION  I 


INTRODUCTION  =  •  '  ' 

o 

TMs  report  discusses  research  on  carbon  dioxide  absorption  and  dest  rption  by  a  tris  jBolu~ 
tioh  containing  carbonic  anhydrase  (CA).  Previous  sbidies  in  the  Mr  Force  Plight  Dynamics 
Laboratory  (References  l  and-2)  and  those  ofGraf  (References  3  and  4)  stpported  this  .concept 
of  a  OA  catalyzed  fids  solution  lor  carbon  dioxide  controL  Burk  (Reference  5)  proposed  the 
use, of  tiie  enzyme  for  carix>n  dic^deCont^l  inci23mainne  atmosphere  con&ol  systems -but 
presented  little  supporting  data.  The  experimental  workreported  here  included  a  rerifleation 
of  file  carbon  dioxide  absorption  .and  desorption  by  a  iris  Solution  CA,  ^uidKaeffimpaiison 

of  ibis  sorption  process  Mtb  tot  of  standard  carbon  dicodde  absorbers.  The  regeneration-pf 
to  carbon  dioxide  absorption  capacity  of  .to  enzyme-iris  solutiomyas  investigated  by  use 
of  nitrogen  aeration  under  a  Change  of  temperature,  pressure,  and  pH.  The  metodsused  were 
arbitrarily  standardized  so  tot  day-to^y  absorption  and  desorption  curyes  cotdd be  poto 
pared.  The  results  are  presented  in  to  form  of  carbon  dioxide. absorption  curves  which 
indicate  significant  carbon  dioxide  concentration,  changes  and  pH  change  curves.  Tabulated 
data  compares  the  removal  rates  aspercentages,  andthe  capacity  :and  efiectivenessfn^relatitKi 
to  standard  absorbers.  The  information  is  disaussed  with  to  aim  of  . applying  ^is  eiizymic 
Catalysis  of  carbon  dioxide  hydration  to  to  atmosphere  control  problem  in  rnanned  enidron-- 
mental  control  systems.  =  = 

This  effort  provides  further  information  on  the  stability,  edacity,  and  regenerability  of  .an 
enzymic  carbon  dioxide  absorber  as  a  liguid  ^stem,  Tvith  no  direct  coiisideration  ^aeh  foe 
operation  in  a  zero  gravity  environment.  It  has  been  sugges  ted  tot  liguid  gas  absorbers 
would  find  application  in  induced  .gravity  environments  in  rotating  devices.  However,  to 
approach  to  further  work  with  enzymic  absorbers  would  be  in  to  use  of  buffered -enzyme 
systems  stabilized  on  . inert  substrates.  These  couldbeiiinctionai  in  &  highly  humid  atmosphere 
such  as  would  be  present  in  an  atmosphere  sontrol-system  after  to>.air  has  been  .cooled  io  its 
dew  point  for  humidity  control.  The  high  humidity  content  favors  the  hydration  concept  for 
carbon  dioxide  control.  The  General  American  Transportation  Corporation  (GATC)  concept 
using  the  “Gat-o-Sorb”  material  is  referenced  here  in  a  NASA  . sponsored  effort  for  4  carbon 
dioxide  absorber  (Reference  s). 

The  theoretical  basis  for  this  work  was  to  catalysis  of  the  reaction  of  carbon  dioxide  with 
water  such  that  atpH-^s  less  than  8,  Reaction  1  occurred:  : 

COg+HgO  ~==£  22C03  (Reaction  1) 

At  pH’s  greater  than  10,  Reaction  2  occurred: 

C02  +  OH~  HCOg”  (Reaction  2) 

Between  pH  8  and  10,  both  reactions  occurred  and  the  overall  reaction  was  a  normally  rapid 
reversible  in organic  hydration  reaction.  Reaction  3; 

CQ2  +  H20  ?==  ~ "  1  H2C03  ^==3:  H+  +  HC03"  (Reaction  s) 

JSnzyme  activity  in  the  pH  range  of  3  to  10  wa*  higi  and  evidence  indicated  tot  the  enzyme 
catalyzed  both  reactions  (Reference  V). 

The  absorption  of  carbon  dioxide  from  air  intris  solution  involved  (1)  the  solution  of  carbon 
dioxide  in  to  solution,  (2)  hydration  of  the  carbon  dioxide  in  to  formation  of  carbonic -acid 
or  to  reaction  of  carbon  dioxide  with  hydroxyl  ions  in  to  formation  of  a  bicarbonate  ion, 
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(3)  "fiie  disspclation-pf  Hie  carbonic  acid  to  hydrogen  smd  bicarbonate  ions,  and £4) :  .the  -reaction 
of  the  bicarbonate  ions  with  the  trie  in  the. formation  of  a  salt,  a  bicarbonate.  The  buffering 
action  of  trie  removed  the  hydrogen  tons  formed  in  Hie^diesociationtof  the  carbonic  acid  and 
thus  .maintained’  the  basic  gBte  fa^ringhoth  ihe-emymlc-aciivityand  die s  carbon. i dioxide  re¬ 
action'  with  hydroxyl  ions.  The  sequence  of  reactions  resulted  in  a  etate  oTeguilibrium  de¬ 
termined  by  the  carbon  dioxide  concentration,  temperature*  and  dissociation  constants.  CA. 
catalyzed  the  attainment  of  jhls  equilibrium.  The  apparent  dissociation  .constant  of  iCarbopic 
acid  increased  directly  with  ien^eraturu  as  did  ,the  enzyme  activity.  The  solubility  \of  carbon 
dioxide  in  water  decreased  with  temperature.  Since  th§  .overalLreaciioa  was  h  reversible 
hydration,  witi  as.  increase  in  temperature  and  CA  presets  eroondrcrade  desoiption  might 
be  ejected  to  accelerate  ^provided  the  carbon,  dioxide  would  be  vehtedirom  the  solution.  Thta 
dasorptiGB  process  was-syaiuated,  '  ' 
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SECTION  n 

BACKGROUND  INFORMATION 


The  control  ofearboa  dioxide  ic  air  byuse  of  a  gas  absorption  tower  using  a  liquid  absorber 
is  a  prown  and  usable  method.  The  experimental  research  areas  concern!  ngtMsmethOdstress 
the  use  of  new  absorbers,  new  packing  materials,  gas  flow  dynamics,  surface  properties, 
chemicrl  reactions  in  the  sorption  process,  eto.  The  mechanics  of  the  gas  abspiption  in  the 
liquid  absorber  have  been  extensively  investigated  (Reference  8).  Carbon  dioxide  has  been 
absorbed  by  alkaline  solutions  of  sodium  carbonate  (Refsrences  9  aud  10),  potassium  carbo¬ 
nate  (Reference  11),  antibasic  solutions  of  amines  such  as  monOsthanolan^a  (Reference  12), 
ethyl  morpholine  (Reference  13),  and:  diethanolamine  (Reference  13).  These  amine  absorbers 
were  regenerabie  in  that  the  absorbed  gas  was  released  upon  heating  the  absorber  solution 
to  boiling,  thus  requiring  considerable  power.  Another  technique  was  -to  regenerate  with 
ambient  air  that  had  less  carbon  dioxide  than  the  air  being  controlled,  a&with  the  carbonate- 
absorbers.  c  - 

The  chemleal  absorbers  essentially  are  reactants  with  carbon  dioxide  forming  bicarbonates 
and  carbonates  in  solution.  The  process  of  absorption  was  controlled  by  various  gas  flow 
factors,  various  absorption  liquid  characteristics,  the  gas-liquid  interface  properties,  the 
chemical  reactions  occurring,  and  the  physical  parameters  for  the  absorption  tower.  These 
are  usually  discussed  in  studies  of  gas  absorption.  Graf  (Reference  4)  discussed  this  gas 
absorption  process  as  it  applies  to  a  tris  solution  absorber  for  carbon  dioxide  with  CA.  He 
used  both  a  bubbling  tower  and  a  standard  disc  tower,  and  discussed  absorption  temperatures, 
wetting  rates,  gas  flow  rates,  gas-liquid  ratios,  rates  of  absorption,  overall  coefficient  on 
the  gas  phase  basis,  the  log  means  drivingforce,  the  gas  phase  efficiency,  and  the  flow  pattern 
of  the  absorber.  His  conclusions  were  rather  unique  in  that  he  recommended  the  use  of  tris 
for  carbon  dioxide  removal,  a  compound  that  was  recommended  for  use  as  a  basic  standard 
because  it  did  not  absorb  carbon  dioxide  from  the  air  when  in  crystalline  form  or  as  a  solu¬ 
tion  (Reference  14). 

A  recycling  air  loop  apparatus  used  in  prior  work  (Reference  2)  simulated  a  closed  ecologi¬ 
cal  system  in  that  a  total  volume  of  gases  was  monitored  during  the  carbon  dioxide  control 
process.  The  tris  buffer  demonstrated  a  carbon  removal  capability  which  was  enhanced  by 
the  addition  of  CA.  The  absorber  with  the  enzyme  was  effective  in  accelerating  die  carbon 
dioxide  removal  from  the  recycled  air  stream.  However,  the  reverse  process  of  desorption 
of  carbon  dioxide  from  the  tris  solutions  was  not  adequately  evaluated.  The  reaction  was 
limited  in  part  by  the  thermal  inactivation  of  the  enzyme  and  the  effect  of  temperature  on 
the  dissociation  constants  in  the  overall  hydration  reaction  of  carbon  dioxide. 

The  experimental  work  under  this  effort  attempted  to  quantify  the  carbon  dioxide  desorption 
reaction  factors  such  as  temperature  changes  and  nitrogen  aeration  in  their  effect  on  the 
regenerability  of  the  enzyme-tris  absorber  in  short  time  intervals  of  30  to  60  minutes. 
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Iji  this  effort,  tie  emphasis  was  placed,  pa  evaluation  of  possible  techniques  v/Mchwould 
induce  a  rapid  carbon  dioxide  desoiptionfromaa  enzyme -iris  solution  after  a  carbon  dioxide...  , 
absorption  run  la  an,  air  loop- apparatus  using  carbon: dioxide  at  variouis  concentratiojis.  These - 
concentrations  were  2?0  ppm  carbon  dioxide  in  nitrogen,  0.4%  in  airt  4.92%  inair,  andp.C% 
nitrogen.  The  quantity  of  carbon  dioxide  in  the  air  loop  was  based  on  a  loop  volume^of  880 
cc  sc  that  at  5.0%,  there  was  43.296  cc  of  carbon  dioxide  in  the  air  loop  at-25**  and  i^Omm 
Hg.  For  the  other  concentrations  of  gas  used  in  the  air  loop  the  amount  of  .earbondlccdde  r. 
would  be  correspondingly  less.  The  carbon  dioxide  was  monitored  by IE  carbon  dtodda,  . 
analyzers  while  the  g.v  *  werebeing  recirculated^through  die  air  lpop  apparatu3{Figur6  1);  . 
the  carbon  dioxide  concentration  was  recorded  continuously  during  the  absorption  process 
and  during  recycling.  The  absorber  solution  was  freed  of  dissolved  carbon  dioxide  by  nitrogen 
aeration  before  being  valved  into  the  air  stream.  The;pH  of  the, solution  was  monitored  during 
the  absorption  process. 
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♦All  temperatures  are  degrees  centigrade. 
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X.  APPARATUS  ■  /-  .  ;-;•'  :  .  *■  ‘  .> 

'  -  -•>  .  A  *  *  4  ~ 

The  air  loop  apparatus  used  in  previous  carbon  dioxide  absorber  studies  (References 
X  and  2)  was  modified  for  use  in  tbiswork.  The  apparatus  consisted  essenfiaily  of  an  air 
recirculating  pump,  a  C02  analyzer,  andasampling  loop  conneete&by  l/4  im  coppfr  ttibn% 

wifii  valving  aM  flow  control  devices.  The  air  loqp-apparatos  nsed  in  this  woyls  is.Ske^ebsdfc 
Figure  1  and  consists  of  the  following  coinianents:  '  _ = 
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X.  Air  Circulating  Pump,  DynaV ac  Pump,  Model  3 
Cole-Parmer  Instrument  and  Equipment  Co, 

2.  Trap,  Gas  Purifier,,  Model  450  * 

Mathsson  Co. 


3.  Flowmeters,  Tube  2-65A  (0-100%)  and  Tube  2r65B  (0-5  Cfb) 
Brooks  Rotameter  Co.  '  , 

4..  Gages,  10-0-10  in.  Water,  Ma^iehelic.  Differential  Pressure 
F.  W.  Dwyer,  Inc. 

5.  Analyzer.  IR,  Carbon  Dioxide  6-5%  Model  15A  *•  '  ; 

Beckman  Instrument  Co. 

6.  Analyzer,  IR,  Lira  ModeL200 'CO„  0-300  ppm 

Mine  Safety  Appliances  Go.  ;  ,  . 

7.  Recorder,  .Multirange 
E,  H.  Sargent  &  Co. 


Conant  Brothers  C6,  Inc-.  .  ' 

V  '  ; 

9.  “U”  Tube,  Pyrex/Withlndicating Brierite  ,  "  - 

Trap,  Pyrex,  Glass,  Vapor,,  Vacuum  Line,  Cold  Type*  Internal 
Volume  195  cc  With  1/4  in,  ID  Polyurethane  ConnecUcg  Tubing 

Sampling  Cell,  “H”  Shaped  Cell,  LuciteWith.Extra  Coarse- Gas 
Dispersion  Glass  Plugr  Internal  Volume  190  cc,  With  1/4  in.  ID  ,  '  - 

Polyurethane  Connecting  Tubing  f  .  / 

>  *  -  ,  ~ 

12.  Midvale  Bulbs,.  4*  Connected  With  Polyurethane  Tubing  *  1  J  *\  '  // 

Bubbler  Tube,  With  Trap,  Internal  Volume  190  co,  With  1/4  in.  ID 
Polyurethane  Connecting  Tubing 

y  <»  v 

The  apparatus  differed  from  that  of  previous  studies-  n  that  an  “H”  shaped  sampling  cell 
(Figure  2)  was  used.  The  loop  volume  was  increased  by  dviag  the  water  vapor  trap  into  the 
air  loop  instead  of  being  used  with  the  sample  loop*  The  total  voiume  for  the  loop  add  the 
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sampling  cell  was  calculated  from  carbon  dioxide  dilution  curves  at  25*  and  740  mm  Hg  pres-- 
sure.  Valving  allowed  the  use  of  four  Midvale  bulbs  in  a  trap-trap-sample-trap  series  so 
that  the  absorption  solution  at  25  ml  aliquots  could  be  run-in.  the  air  loop.  In  addition,  a.  bubbler 
tube  with  an  in.,.  .ger  tube  for  a  trap  was.  used  In  atest comparison  of  NaQH,  B^QH)2  and  tris 


solutions  in  10,  20,  or  25:  ml  aliquots  as  carbon  dioside  absorbers.  Thebubbler  tube  was.  also 
used  to  trap  carbon  dioxide  desorbed  frorathe  tris  plus  enz^-me  DOlutions  by  nitrogen  recircu¬ 
lation  and  aeration  at  the  three  temperatures  evaluated:  15°,  25°,  and  33°.  The  bubbler  tube 
was  also  used  when  a  DCpotential  was  applied  to  the  electrodes  on  the  “H”  cell  with  the  flow¬ 
through  idtrogeu-aeration  technique,  '’’he  bubbler  tube  was  connected  to  the  air  loop  replacing 
the  midvale  bdlbs.  v’. 


The  “H”  cell  was  a  gas  absorption  tube  with  provision  for  temperature  sensing,  heating  or 
cooling,  for  pH  sensing  and  measurement,  for  mecdum  recirculation  and  Tor  applying  a  DC 
potential  acixjss  the  medium.  Figure-2  is  a  schematic  of  the  4‘H.”  cell.  \  ,  .  g 

The  volume  of  the  “H”  cell  assembled  and  withthe  connecting  tubing  was  l90  ec  as 
measured  with  water  at  18°.  Tim  "H”  shape  internal  volume  made  use  of  the  bubbling,  gasec  . to 
initiate  a  circulation  of  the  absorber  solution  with  the  gas  bubbles  into  the  horizontal  portion 
in  which  the  temperature  was  sensed.  Further  circulationof'the  solutipn'ijito  the  other  section 
of  the  cell  allowed  for  pH  sensing  or  for  the  heating  and  coolingbya  cold  finger  condenser. 
The  absorber  solution  was  used  in  70  ml  aliquots  and  revealed  satisfactory  circulation  in  the 
cell.  ‘  ^  =  '•  *- 


2.  MATERIALS 


Significant  inthis  investigation  were  the  nmierials  that  provided  comparisons  of  the  caxbon.; 
dioxide  absorption  by  tris  Solutions  of  the  enzyme  with  other  standards.  The  compounds  used 
were  either  CP  or  reagent  grads  chemicals.  Solutions  were  made  in  distilled  water.  The  gases 
used  were  27G  ppm  carbon  dioxide  ianitrogen,  0.4%  carbon  dioxide  in  air,  4.92%  carbon  dioxide 
in  air,  and  5,0%  carbon  dioxide  in  nitrogen.  The  analyses  were. performed  by  Air  Products 
and  Chemicals,  Inc. ,  or  by  Matheson  Co.,  the  suppliers  of  the  gas  mixtures.  The  rftrogeh  gas 
was  99.5%  water-pumped  and  ^as  passed  though  a  soda  lime  cluster  before  use  in  aeration 
or  as  the  zero  gas  in  standardirfng  the  analyzers.  - 

The  compounds  used  were  as  follows  t 

1.  Tris  (txi-hydroxymetbyl}aminomethane8  99,94%  0.2  and  0.1  M  Solutions 

Eastman,  ' 

2.  Carbonic  Anhydrase,  100  mg/iO  ml  of  0.05  M  Tris  Solution 
Bionutritional 

3.  Sodium  Carbonate,  Reagent,  0.2  N  Solution 

4.  Sodium  Hydroxide,  Standard  Solution,  2.000"N  Solution 
Analytical  Chemists  of  Cincinnati 


5.  Hydrochloric  Acid,  Standard  Solution,  2.000  N  Solution 
Analytical  Chemists  of  Cincinnati 

6.  Barium  Hydroxide,  Reagent,  0.2  N  Solution 
Matheson 

7.  Monoethanolamine  (MEA)  Tech,  0;1  M  Solution 
Matheson 


—  -Cc  .S—S 
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8.  Potassium  Chloride,  Beageht,  Ovl  ^Solution 
Mathsson 

-•  ft  -  J>  O  '  -  .'"O'  ^  - 

C  _  ■.<-  '  •-  -r?- 

9,  2-Amino-2-Methyl-l  ,3-Propanediol,  0.05  M  Solutioa 

Matheson  .  .  , 

10.  Teteamethyl  Ammonium  Ghloride,  0.05  M. Solution 

Ma&esoa  V-  c 

11.  Sodium  Bicax]3tinate  Reagsnt,  0:2  N  Solution 

12. 


13.  Potassium  Hydroxide,  0. 211  Solution 

Merck  "  7 

14.  Drierite,. Indicating,  Mesh  8 
Hammond  Drierite 

15.  Soda  Lime  4^8  Mesh 
Wills 

16.  Tris-Maleate  Buffer,  0.2  M  Solution 


£ 
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SECTION  V  .  .•  ,  ^  -/ 

METHODS  AND  PROCEDURES 

1.  AIR  LOOP  ABSORPTION-DESORPTION 

The  air  loop  apparatus  shown  in  Figure  l  and  the  “H”  ceil  in  Figure  2  were  used  to  evaluate 
the  carbon  dipxide  absorption  by  the  various  solutioiis  in  70  ml  aliquots.  Intois  mathod,th0 
air  loop  was  first  filled-witothe  carbon  dioxide-containing  gas  mlxtere  whichwas  either  270 
ppm  carbon  dioxide  in,  nitrogen,  0.-4%  carbon  dioxide  in  air,  4.92%  carbon  dioxide, in  air,pr 
5,0%  carbon  dioxide  in  nitrogen  by  flushing  with  this  gas  mixture;  The  gas  analyzer  was 
standardized  to  read  on  the  recorder  135  mm  for  the  270  ppm  carbon  dioxide  in  nitrogen,  80 
mm  for  the  0.4%  carbon  dioxide  in  air,  or  150  inm  for  the  5.0%  carbon  diojdde  in  nitrogen. 
The  4.92%  carbon  dioxide  in  air  was  indicated  at  147.6  mm  on  the  recorder.  After  calibration 
and  standardization  of  the  carbon  dioxide  analyzer  and  the -recorder,  the  flushing  gas  was 
valved  off  and  the  air  recirculating  pump  turned  oh.  The  gases  in  the  air  loop  during  the 
mixing  were  monitored  as  to  carbon  dipxide  content.  Ihe  flushing  and  recirculating  of  the 
gases  in  the  air  loop  were  repeated  until  the  recirciilating  gases  iiidjcated  a  steady  value  of 
carbon  dioxide  on  the  recorder  to  correspond  to  toe  millimeter  range  noted  above. 

The  “H”  cell  was  connected  in  a  sample  loop  but  was  separated  from  the  sample  loop  by 
means  of  4-way  valves.  In  a  carbon  dioxide  absdxptipn  run  toe  sample  cell  was  flushed  with 
nitrogen  which  ted  passed  through  a  canister  of  soda  lime,  to  assure  carhon  dioxide  fires 
nitrogen.  Nitrogen  flushing  was  timed  for  30  minutes  for  runs  as  a  standardized.condition 
for  toe  air  loop,  toe  empty  4‘H”  cell,  distilled  water  blanks,  and  a  run  using  NaOH.  However, 
when  tris  solution  with  or  without  toe  enzyme  was  being  evaluated,  toe  nitrogenperiod  was. 
at  least  one  hour;  tor  ^me  of  aeration  depended  upon  toe  type  of  solution  being  evaluated  ahd, 
the  prior  testing  of  toe  absorber  solution  since  one  solution  may  have  been  used  in  a  series  of 
runs  lasting  several  days. 

Upon  completion  of  toe  nitrogen  aeration  period  for  toe  “H,s  cell  aud  its  contents, 
toe  nitrogen  stream  was  valved  off  and  toe  recirculating  air  loop  stream  wife  tke  carbon 
dioxide-containing  gas  mixture  was  valved  in.  The  change  in  carbon  dioxide  concentration  was 
continuously  recorded,  the  temperature  read,  and  toe  pH  monitored  and  recoixled:  during  the 
run  until  a  steady  carbon  dioxide  concentration  was  indicated  on  toe  recorder. 

After  a  run  with  an  absorbing  solution  in  toe  “H”  cell,  toe  sample  loop  was  valved  off  and 
toe  air  pump  turned  off.  The  air  loop  was  then  flushed  with  toe  carbon  dioxide-containing  gas 
mixture  and  thus  refilled  with  gases  to  attain  a  constant  carbon  dioxide  content  in  toe  re¬ 
circulating  gas  stream  for  another  run. 

2.  SAMPLE  LOOP  PROCEDURE 

In  toe  sample  loop,  toe  procedure  following  toe  absorption  run  varied.  By  continued  nitrogen 
aeration,  the  desorption  of  toe  absorbed  carbon  dioxide  occurred  with  time  and  was  evaluated 
by  monitoring  and  recording  the.pH  change.  The  temperature  of  the  sample  absorber  solution 
was  changed  by  recirculating  water  through  the  cold  finger  condenser  which  replaced  the  ph 
electrode  in  toe  “H”  cell  during  either  the  heating  or  cooling  mode  of  operation.  For  cooling 
toe  absorption  solution,  water  at  2°  was  recirculated  through  toe  cold  finger  uslagavaristaltic 
pump;  the  temperature  of  the  absorber  solution  was  cooled  te  a  12°  to  15”  range*  When  45° 
water  was  recirculated  by  the  water  bath  recirculator  through  the  cold  finger  condenser,  the 
solution  temperature  changed  to  33°;  with  55°  water,  toe  solution  temperature  attained  was 
40°.  These  changes  in  solution  temperature  were  slow  and  occurred  gradually  over  a  39~  te 
60-minute  interval.  The  pH  of  toe  absorber  solution  was  not  monitored  during  the  heating  or 
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cooling  periods  but  was  measured  after  a.  stable  temperatere  was  attai ned;  the  coldflnger 
condenser  was  removed  and  the  pH  electrode  inserted- and  fcepH  measiired  withmt  tempera¬ 
ture  condensation  to  obtain  an  approximate, pH  value.  ?-  V  ' 

With  the  vacuum  desorption  method,  a  vacuum  of  28  inches  of  mercury  was  applied  to  ihe 
open  end  of  the  flowmeter  in  the  sample  loop.  The  nitrogen  gas  had  been  valved  off  but  was 
opened  slightly  to  provide  a  bubbling  gas  for  agitating  the  solution.  The  pH  was  not  monitored 
when  vacuum  was  applies  to  the  “H51  cell.  Effects  of  temperatures. at  15%  25%  and  30°  with 
vacuum  were  evaluated  for  carbon  dioxide  desorption  with  nitrogen  bubbling  for  timejpsrfods 
of  30  andi  60  minutes.,  " 

Quantitative  data  on  the  carbon  dioxidedesorbedwas  obtained  in  the  following  manner.  After 
an  absorption  run  with  an  absorber  solution,  tee  sample loop  wras  valved  off  and.  kept  closed, 
and  the  gas  bubbler  tube  wiiir  the  impii^r  flask  was  valved  in  withio  ml  of  0.2:  K  NaOH  and 
used  as  a  trap.  The  residual  carbon  dioxide -in- ihe  air  loop  was  removed  by  the  recirculation 
of  the  air  loop  gas  stream  through  the  NaOH  in  the  bubbler  tube.  After  a  steady  low  value 
or.  zero  carbon  dioxide  concentration  was  indicated  on  the  recorder,  the  bubbler  tube  was 
valved  out  of  the  air  loop,  the  air  pump  was  shut  off  and  the  loop  flushed  with  nitrogen  gas 
to  check  the  zero  setting  and  tbprovidea  zero  gasina  desorption  process.  ThaNaOHinthe 
bubbler  tube  was  titrated  with  0.1  N-  HCl  to  pH  7  using  neutral  red  and  a  pH  meter  to  cheek 
the  end  point.  The  bubblertubewasrefiiledwith  10  mi  of  0;2.NNaOH  and  flushed  with  nitrogen 
for  15  to  20  minutes,  ihe  air  loop  wasthen  vaived  from  the  flushing  gas  and  the  air  pump 
turned  cm.  Ihe  carbon  dioxide,  eoncentrationm  tee  air  circulating  gas  stream  was  at  ^ro  on 
the  m  carbon  dioxide  analyzer  and  the  recorder.  This  zero  gas  air  stream  was  then  used  to 
desorb  tee  carbon  dioxide  from  the  sample-solution  and  to  trap  desorbed  carbon  dioxide  in  the 
0.2  N  NaOH  in  the  bubbler  tube,  This  desorption  process  with  the  zero  gas  circulating  stream 
was  performed  with  the  cold  finger  condenser  in  the  “H’  ’  cell  which  maintained  the  solution., 
temperature  at  either  15°  or  33% 

Initial  runs  with  thehubbler  tubs  containing  4. 92%  carbon  dioxide  in  the  air  loop. gas  stream 
were  used  to  obtain  carbon  dioxide  concentration  curves  for  an  empty  tube,  for  one  with  25  ml 
of  0.1  N  NaOH,  and  one  with  25  ml  of  distilled  water.  These  curves  indicated  the  effective¬ 
ness  of  this  technique  for  carbon  dioxide  trapping  during  the  desorption  process.  Carbon 
dioxide  trapping  during  a  fiow  through  nitrogen  aeration  of  the  absorber  solution  was  tried 
initially  but  was  found  to  be  inadequate  to  measure  desorbed  carbon  dioxide.. 
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section,  vi  ,  '  ,.r 

RESULTS  * 

<•  *  -  r  *  -  ^  O  .  *' 

1.  CARBON  DIOXIDE  ABSORPTION-  STUDIES  .  .  /  ,  "  '  . 

ill©  carbon  dioxide  absolution  curves  of  the  various  solutions  were  derived  from  the -actual 
curve  sensed  by  the  analyzers  and  recorded.  These  recorded  curves  were  dampened  waves 
with  a  start  at  the  initial  carbon  dioxide  content  in  the  air  loop  and  an  ending  which  was  smooth. 
Figure  3  illustrates  such  a  dampened  wave.  The  carbon  choxlde  absorption  curves  were  drawn 
from  these  waves  by  connecting  the  maxima  of  the  peaks  as  indicated:in  the  figure.  Sinc  e  a 
constant  carbondiOTode  content  was  inti  tally  present  and  a  constant  carbon  dioxide  content  was 
indicated  after  a  7.0-,  to  15-minute  period,  these  drawn  carbon  dioxide  absorption  curves  were 
an  adequate  presentation  ofthe  change  of  carbon  dioxide  content  in  the  air  loop  with  time.  This 
method  was  used  for  the  carbon  dioxide  absorption  curves  for  ^70  ppm  carbon  dioxide  iii 
nitrogen,  for  0.4%  carbon  dioxide  in  air,  the  5.0%  carbon  dioxide  in  nitrogen,  and  *92%  carbon 
dioxide  in  air.  V. . 

The  three  absorption  cells,  the  “E”  ceil,  Giemidvale  bulbs  and  the  bubbler  tube  (sketched  in 
Figure  i)  were  run  empty,  with  distilled  water,  and  with  thevarious  absorbers,  providing  com¬ 
parative  curves.  Figure  4  shows  the  “H”  cell  curves  for  an  empty  cell,  for  distilled  water,, 
and  for  0,004  N  NaOH.  These  are  Epical  curves  indicating  fairly  stable  carbon  dioxide  values 
after  -12  minutes.  Arbitrarily,  the  carbon  dioxide  vhlues  at  20 'minutes  were  compared  for 
capacities  and  absorber  effectiveness.  The  time  intervals  to  attain  a  stable  value  not  changing 
more  than  2  mm/3  min  time  interval  was  considered  the  basis  for  comparing  the  efficiencies 
as  to  carbon  dioxide  absorption.  The  curves  for  the  evaluation  of  the  midvale  bulbs  as  an 
absorption  train  in  Figure  5  were  consistent  with  those  obtained  with  the  “K**  cell  but  were  not 
as  effective,  comparing  specifically  the  NaOH  at  0.1  N  curve  2  in  the  midvale  bifib  with  ihe 
NaOH  at  0.0004  N  in  the  “H”  cell  curve  3  (Figure  4).  On  this  basis,  the  midvale  bulbs  were 
replaced  with  the  bubbler  tube  (Figure  2)  that  had  an  extra  coarse  glass  plug  gas  diffuser. 
Curve  4  in  Figure  5  shows  continuous  absorption  of  the  residual  CO„  of  curve  3  in  another 
25  ml  aliquot  of  NaOH.  .  J 

The  carbon  dioxide  absorption  curves  Tor  the  gas  bubbler  tubs  in  Figure  6  show  the  curves 
for  NaOH,  Ba(OH)2,  and  monoethanolamine  (MEA).  The  Ba(OH)2  solution  was  discontinued  as 

a  comparative  absorber  because  the  carbonate  formed  gradually  plugged  the  ground  glass 
gas  diffuser  and  resulted  in  an  increase  in  the  pressure  drop  across  the  absorption  cell. 
Glass  beads  in  the  bubbler  tube  did  not  effectively  increase  the  carbon  dioxide  absorption, 
comparing  curves  2  and  3  in  Figure  6.  The  MEA  absorption  curve  verified  previous  work  on 
the  effectiveness  of  MEA  for  carbon  dioxide  absorption,  but  was  not  considered  applicable 
for  C02  trapping. 

A  comparison  of  tris  solution  and  sodium  carbonate  as  to  carbon  dioxide  absorption  from 
0.4%  carbon  dioxide  in  air  in  the  “H”  cell  is  presented  in  Figure  7.  Curve  1  for  tris  at  0.02 
M  was  similar  to  the  curve  obtained  for  sodium  carbonate.  The  addition  of  the  enzyme  to  tris 
and  to  sodium  carbonate  revealed  a  catalysis  of  carbon  dioxide  absorption  as  shown  by  curves 
3  of  Figures  5  and  7. 

The  effectiveness  of  tris  for  carbon  dioxide  absorption  was  further  compared  under  the 
various  test  conditions  in  Figure  8.  Tris  at  0.1  M  with  and  without  CA  and  at  14°  and  25°,  and 
at  0.05  M  at  25°  and  33°  produced  carbon  dioxide  absoiption  curves  which  showed  that  at  the 
lower  temperature,  tris  plus  CA  had  a  greater  capacity  for  carbon  dioxide.  This  was  evident 
when  comparing  curves  3,  4  and  5  in  Figure  8.  The  effect  of  tris  concentration  on  carbon 
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dioxide  absorption  may  alsobe  compared  in  curves  4  aad;5.  Tris  at  0.1  M  pins  CA  was  -effec¬ 
tive  in  carbon  dioxide  removal  to  97%  in  a  15-^  minute  recycle  time.  This  carbon  dioxide  was 

releasable  .from  thetrissolutionby-merely ■  chanpngthQ  temperature  of  tbe.sdiution.as  shorn 
in  Figure  9.  The  tris  plus  CAat  13°  was  used’in  ah  absorption  runandindicated84%  carbon 
dioxide  removalcompared  with  58%  carbon  dioxide  removalfcr  tris  at  34°.  By  a  change,  in  tem-. 
perature  of  die  iris  solution,  its  capaci  ty  v/as  increased  ordecreased,  the  carbon  dioxide, 
change  indicated  in  curves!  and  2  of  Figure  9*  beginning  at-  either  13°  or  34°.  This  temperature  ’ 
cycling  was  effective  mid  consistent,  as  evidenced  by  the  identical  carbon  dioxide  content  at¬ 
tained  upon  the  same  temperatures  of  the  soiuticn.  From  curve  l  a  change  of  ISP  corresponded 
tc  a  ehange  from  1.66%  carbon  dioxide  to  0, 93%  carbon  dioxide  in  the  circulating  air  or  0.73% 
uf  the  carbon  dioxide  removed.  This  same  amount  of- change,  0.73%  oarbon  dic«ide,  was  also 
obtained  from  curve  2  whether  on  the  heating  or  coolihgportion.  of  the  iadivichMcurves.  Itwas 
significant  herethat  &e  same  solution  was.usedfor  both  curves*  curve  .2 being  obtained  .after  a. 
18-hour  resting-penod  followed  by  4  hours  of  nitrogen  aeration  at  34“.  The  problems  met  here 
concerned  the  heating  ofthe  enzyme  solution.  Theheater  surface  temperature  musinot,  exceed 
the  temperature  of  enzyme  inactivation  which  was  qnite  low.  In  this  work,  thetemperature  of 
the  recirculating  hot  water  was  45eforattamir^340  and  32.5°  temperatures  in  the  enzyme-tris 
solution.  Recirculating  water  at  55°  was  heeded  to  attain  a  40°  temperature  in  thfe  tris  solution. 
However,  the  carbon  dioxide  absorption  curves  obtained  for  the  tris  plus  enzyme  solution 
showed  typically  a  tris  absorption  curve' after  this  temperature  was  attaineddri  the  enzyme-; 
tris  solution.  =,  :  °  ^ 

Tris-maleate  (TM)  buffer  was  evaluated  as  a/carbon  dioxide  absorber  freih  the  curves  in . 
Figure  10  and  11  with  0-  4%  CQ2  in  air  and  5. 0%  COg  inhitrogen.  : '  -  -v  * 

TM  plus  CA  solution,  however,  foamed  excessively  so  that  reduced  nitrogen  aeration.rates  of . 
250  cc/min  were  used  for  regeneration  and  0.6  cfh  (285  cc/min)  in  the  air  loop.  The  effect.of 
ah  applied  DC  potential  on  the  “H”  cell  during  an  air  loop  run  revealed  an  accelerating  effect 
with  10  vDC  applied  with  a  negative  potential  at  the  bubbler  tube.  In  comparing  curves  4  and  5 
with  3,  in  Figure  10,  a  definite  change  may  be  seen  indicating  that  an  applied  potential  enhanced 
carhon  dioxide  absorption  and  desorption.  At  the  IE  ^minute  time  intervalin.  Figure  10  where 
curve  1  of  TM  crosses  curve  3  of  TM  plus  CA,  the  carbon  dioxide  in  the  air  loop  amounted  to 
1.59%  with  61%  of  the  carbon  dioxide  removed.  The  TM  plus  CA  with  a  10  v  DC  potential  nega¬ 
tive  at  the  bubbler  tube  indicated  an  increase  in  carbon  dioxide  absorption  capacity.  Curve  5  of 
Figure  10  showed  63%  of  the  carbon  dioxide  in  the  air  loop  removed. 

2.  CARBON  DIOXIDE  DESORPTION  STUDIES 

Regeneration  of  carbon  dioxideahsorptioncapacity  of  tris  plus  CA  was  accomplished  by  long 
periods  of  nitrogen  aeration  at  room  ambient  conditions.  The  curves  in  Figures  12  and  13  show 
the  effectiveness  of  this  method.  The  use  of  a  vacuum  of  28  in.  of  Hg  for  5-minute  periods  did 
not  increase  theeapaciiy  butdidindicateposslblyan  increased  rate  as  evidenced  by  curve  3  in 
Figure  13.  The  pH  of  the  tris  plus  enzyme  solution  in  Figure  14  indicates  an  intitial  lag  in  the 
recovery  to  its  original  pH  but  then  indicates  a  regenerated  solution  as  to  pH. 

The  effect  of  the  application  of  an  electrical  potential  to  the  tris  solution  plus  CA  in  the  *‘H” 
cell  during  nitrogen  aeration  revealed  an  enhanced  pH  regeneration  as  in  curve  2  In  Figure  15 
but  the  subsequent  carbon  dioxide  absorption  curves,  2  and  3  in  Figure  12  did  not  reveal  this 
positive  effect  as  to  capacity  regeneration.  The  time  of  nitrogen  aeration  between  carbon 
dioxide  absorption  runs  was  significant.  There  was  an  apparent  crossing  over  of  the  carbon 
dioxide  absorption  curves  in  the  initial  five  minutes  in  Figure  12.  This  was  significant  since 
this  indicated  an  accelerated  rate  for  those  curves  in  which  an  applied  potential  was  used.  The 
time  of  nitrogen  aeration  between  curves  2  and  3  was  only  20  minutes  compared  with  the  .60 
minutes  between  curves  1  and  2.  Curve  4  was  obtained  after  the  regeneration  runs  with  ap¬ 
plied  voltage  periods  and  a  total  nitrogen  aeration  time  of  five  hours.  The  application  of  a  DC 
potential  had  a  positive  effect  on  this  regeneration  process. 
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3.  pH  CHANGES 

The  pH  changes  in  the  tris  solutions  during  carbon  dioxide  aeration were  not  significant 
when  the  carbon  dioxide  at  270  ppm  in  nitrogen  was  usedas  the  recirculating  gag  in  the 
air  loop.  A  change  of  from  9.40  to  9.35  pH  and  from  9.45  to  9;40  pH  wasmeasru’ed  feruns 
with  tris  at  0.05  M  and  tris  0.05  plus  CA  even  though  the  carbon  dioxide  reduction  was 
significant  in  the  carbon  dioxide  absorption  curves  5  and  4  in  Figure  16.  This  reduction 
in  carbon  dioxide  content  was  at  20  minutes  basedon  the  emptyceli  curve  dqvra  to  40ppm 
from  an  initial  226  ppm  C02  content  when  tris  plus  CA  was  used  as  indicated  by  curve  d. 

This  vras  an  83%  reduction  in  the  carbon  dioxide-content  withonly  a  0.05  change-in-the  pH. 
However,  when  5.0%  or  0.4%  carbon  dioxide  was;ixsed  in  the  fiow-tinrou^.metiipd  of  aeration', 
the  pH  changes  were  greater  as  shown  in  Figure  17.  These  pH  changes  ranged  from  0.9-te 
1.4  units  and  depended  upon  the  initial  pH  and-fhe  absorber  concentration.  changes  of 

tris  at  0.1  M  during  air  loop  runs  are  indicated  in  Figure  18,  curve  1  for  three  consecutive 
air  loop  runs  using  5.0%  carbon  dioxide  in  nitrogenintha  air  loop.  These  air  loop  runs, 
shown  in  Figure  19,  reveal  a  saturation  effect  on -the  absorber  and,  concurrently,  a  smaller 
change  of  pH  during  the  absorption  process.  Other  curves  showing  pH  change  in  tris  with 
and  without  the  enzyme  are  presented  in  Figures  20,  21,  and  22. 

The  pH  changes  in  MEA  during  carbon  dioxide  aeration  are  indicated  in  Figure  23.  These 
pH  changes  were  all  steep  and  v/ehe  stabilized  at  a  low  value  when  CA  was  present. 

Regeneration  of  the  carbon  dioxide  absorption  capacity  of  the  tris  absorber  with  and-with- 
out  the  enzyme  was  accomplis^d  wife  long  nitrogen  aeration  as  indicatedin  curve  l  of 
Figure  14  and  20  in  which  the  initial  pH  was  attained  in  the  solution.  The  subsequent  carbon 
dioxide  absorption  run  in  the  air  loop  of  tris  in  another  comparable  series  of  carbon  dioxide 
absorption  runs  with  no  nitrogen  aeration  between  runs  are  indicated  in  Figure  24,  curves 
2,  3,  4,  and  5.  Curve  6  in  Figure  24  provided  a  comparison  a3  to  this  specific  effects1  pf 
enzyme  catalysis  of  carbon  dioxide  absorption  by  tris  after  temperature  inactivation  of  fe.8 
enzyme. 

Regeneration  of  the  pH  by  nitrogen  aeration  was  not  enhanced  by  the  addition  of  selenite, 
an  ion  reported  as  having  an  accelerating  effect  on  hydration  of  carbon  dioxide  activity. 
Nitrogen  aeration  revealed  no  significant  increase  in  the  pH  change  over  that  using  only 
tris  and  the  enzyme  as  in  Figure  25.  The  tris  plus  enzyme  solution  showed  a  greater  rate 
of  pH  change  than  was  evident  when  only  tris  was  aerated  with  nitrogen. 

Regeneration  of  pH  and  the  C02  absorption  capacity  with  the  application  of  a  vacuum  of 

28  in.  of  Hg  for  the  two  5-minute  periods  and  using  nitrogen  as  a  bubbling  gas  indicated 
(Figure  14)  a  somewhat  delayed  effect  for  pH  change.  This  delay  was  for  30  minutes  or  so, 
but-  after  the  initial  delay,  the  pH  in  the  solution  exposed,  to  vacuum  recovered  to  a  value 
above  that  initially  used.  This  effect  was  not  unexpected  since  the  tris  solution  was  one  reused. 
This  effect  was  compared  to  that  in  Figure  22  indicating  pH  recovery  with  a  used  solution 
in  cirve  1.  Curve  2  showed  pH  changes  for  a  freshly  prepared  solution  which  was  not  as 
great  as  with  nitrogen  aeration.  This  effect  on  freshly  prepared  solution  was  rationalized  as 
a  “needed  seasoning”  process  also  observed  by  Graf’s  work  {Reference  3). 

With  MEA,  pH  recovery  by  nitrogen  aeration  (Figure  23)  showed  the  catalytic  effect  for 
carbon  dioxide  absorption  and  desorption,  but  because  of  excessive  foaming  aeration  rates  were  i 
not  compatable.  Both  curves  initially  bad  pH’s  of  11.25. 
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SECTION  vn 

DISCUSSION  OFEESULTS 

The  fete  solution  at  0.1  M^evealei  carbon; dioxide  absorption  that  was  sigi^cantty:alfe^ed 
by  the  presence  of  10  mg  of  C  A.  The  pH  change  during  absorption  using  4^92%  in  air  was  1.2  to 
1.4  pH  units;  this  change  was  less  as  the  initialpH  was  less  basic.  With  270»pmOCX,m 

nitrogen  the  pH  change  was  small.  The  iris  plus  enzyme  absorption  runs  were  comparableto 
those  of  0.1  N  Na6H  ip  absorption  times  l6SS  than  15minute3,  but  not  as  effective  as  Jot  0,2 
NNaOH,  The  pll  of  the  absorber  solution  was-^rectly  related  to  the  carbon  dioxi^  conoentra- 
tion  in  the  air  loop.  However,  the  carl  .n  dioxide  was  never  completely  absorbe^f^m  ^,n|r 
loop  with  tris  plus  tee  enzyme  but  rather  leveled  off  at  some  value  lees  than  l/lO  of  the 
original  concentration,  for  0,1  hi  iris.  NaOH  at  0,1  N  was  effective  at  a  somewhat,  slower  rate 
of  absorption,  but  at  ah  accelerated  rate  when  the  enzyme  was  present. 

Absorption  by  tris  plus  the  enzyme  was  significantly  affected  by  the  temperature  of  the 
solution.  At  13°,  the  final  concentration  of  carbon  dioxide  was  lower  and  ^veled  off  in  a 
shorter  time  interval,  as  indicated  in  Table  I;  The  higher  temperature  resulted  In  a  higher 
level  of  residual  carbon  dioxide  in  tee  air  loop. 

A  temperature  change  of  from  13°  to  32.5°  raised  tee  final  carbon  dioxide  concentration 
from  0.69%  to  1.67%.  Then,  ipon  cooling  the  absorber  solution  from  32.5®  ip,  15%  fee  carbon 
dioxide  content  in  tee  recirculating  air  loop  stream  dropped  to  0.83%,  The  carbon  dioxide 
capacity  of  fee  tris  plus  enzyme  solution  decreased  6.84%  as  a  result  of  the  dhange  in  tem¬ 
perature.  The  time  Intervals  required  to  attain  fee  steady  temperature  states  in  fee  "H” 
cell  were  compar—le  to  the  15-  to  20-minute  absorption  cycle  as  indieated  in  curve  1  of 
Figure  9.  The  heat  exchange  surface  properties  of  fee  condenser.  However,  were  definitely 
not.  optimum  since  the  chance  in  temperature  from  15°  to  32.5°  required  50  minutes  (curve  2 
of  Figure  S)  and  fee  change  from  32.5®  to.  15°  required  70  minutes. 

Desorption  of  carbon  dioxide  with  nitrogen  aeration  at  300  cc/min  at  25°  induced  a  slow 
pH  change  upwards  approaching  the  initial  pH.  Ten  to  12  hours  aeration  were  needed  to  attain 
the  initial  pE  value.  A  subsequent  carbon  dioxide  absorption  run  revealed  absorption  com¬ 
parable  to  fee  original  desorbed  solution.  Carbon  dioxide  trappi-g  during  fee  nitrogen  aeration 
with  0.1  N  NaOH  and  subsequent  nitration  with  0.1  N  HCl  revealed  little  carbon  dioxide  evolu¬ 
tion  in  a  30-minute  interval  of  nitrogen  aeration.  This  30-minute  interval  was  taken  as  being 
equal  to  the  tris  carbon  dioxide  absorption  run. 

The  recycling  of  a  nitrogen  stream  in  the  air  loop  through  the  tris  plus  enzyme  solution  and 
then  through  fee  NaOH  trapping  solution  at  0,1  N  or  at  0.2  N  revealed  that  desorption  was 
affected  by  fee  temperature  of  fee  absorption  solution.  Titration  of  tee  NaOH  wife  0.1  N  HCl 
gave  the  values  in  Table  H  showing  that  higher  temperatures  induced  the  greater  amount  of 
carbon  dioxide  desorption. 

A  desorption  procedure  using  a  32°  tris  plus  enzyme  solution  with  tee  addition  of  a  DC 
potential  to  fee  H  cell  and  with  the  trapping  of  the  released  carbon.dioxide  in  NaOH  should 
reveal  significant  amounts  of  carbon  dioxide  released. 

Desorption  procedure  of  tris  plus  CA  with  vacuum  at  28  -ohes  of  mercury  with  nitrogen 
bubbling  and  fee  desorption  gas  stream  passing  through  0.2  N  NaOH  10  ml  revealed  little  re¬ 
lease  of  carbon  dioxide  at  25°.  The  titration  of  the  NaOH  wife  0.1  N  HCl  revealed  a  difference 
of  0.35  ml  of  HCl  or  equivalent  to  0.80  cc  of  carbon  dioxide  at  standard  conditions.  At  33° 
desorption,  of  carbon  dioxide  with,  vacuum  and  nitiogen  bubbling  revealed  a  somewhat  greater 
effect  with  2.9  ml  of  0.1  N  HCl  as  fee  difference  in  the  NaOH  titration  or  6.64  cti  of  C©2 
at  standard  condition. 
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Solution 

Empty  H  cell 

Dist 

H20  70  ml 

Tris 

0.1  M 

Tris 

0. 1  M  and  GA 

Tris 

0.1  M  and  CA 

Tris 

0.05  M 

Tris 

0.05  M  and  CA 

Tris 

0.05  M  and  CA 

Tris 

0.05  M  and  CA 

Tris 

0.05  M  and  CA 

Tris 

0.02  M 

TM  0 

.02  M 

TM  0 

.02  M  and  CA 

TM  0. 

.02  M  and  CA 

10  v  DC 

TM  0 

.02  M  and  CA  | 

.7 

T  DC  j 

TABLE  X  -  : 

CARBON  DIOXIDE  REMOVAL  BY  ABSORPTION  *U  TRIS  IN  "H"  CELL 


■RECORDER  READINGS  '  -•  " 


Temp  CO 
*°C)  .(% 


Initial 


10  min  I  20  min  IDiffer 


150 

133 

SO 

68  • 

135  ppm 

117 

'  i 

150 

125 

1‘50 

85 

150 

15 

150 

10 

135 

77 

.  135 

44 

159 

i  30 

150 

37 

150 

57  • 

80 

52 

150 

80 

150 

! 

62 

150 

57 

C 

80 
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TABLE.-  -tl  ■  ; 

DESORBED  CARBON  DIOXIDE  TRAPPING  IN  THE  BUBBLER  TUBE  DURING  JhlTROGES 
RECYCLE  THOUGH  THIS  PLUS  CARBONIC  AHHYDRAS2  IN  TUB  "H”  CELL 


V  ee  of 
Operation 


rNaOH  in  Bubbler  Tube  ( 

25 

\  as  Absorber  iii  Sample  x 

it  Loop  -  "H"  Cell  Out  \> 

25 

l 

Residual  C0„* 

27 

Desorbed  Recycle** 

Residual  CO^* 

10 

Desorbed  CO^-N^  Recycle** 

Residual  C02* 

32 

Desorbed  CO^-N^  Recycle** 

Residual  CO^* 

14 

Desorbed  ,CQ2-N2  R^cYcIe** 

Residual  C02* 

Desorbed  CO^N^  Recycle** 

32 

Residual  CC>2* 

Desorbed  CG0-tL  Recycle** 
1  *■  i 

34 

Bubbler  Tube  I  Titration 


( 


;  25.0 
25.  CL 
20.0 
49.8. 
20.0 
20.0 
20  rO 
20.0 

:  25.6  c 

r  " 

25.0 
:  40.0 
40.0 
25.0 
25.0 


Difference 


13,00 
12,85 
1.45 
4.60 
0.35 
3,35  , 
:  «  1.2,0 
5.00 
0.80 

3.40 
0.25 
730 
0.90 

7.40 


*Enzyae~Tris  Solution  in  H  Cell  With  N„  Recycle 
Through  Bubbler  Tube  -  "H"  Cell  Out. 

**Enzyme-Tris  Solution  in  "H"  Cel-1  With  N_  Recycle 
Through  Bubbler  Tube  -  "H"  Gall  In.  " 
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SECTION 

SIGNIFICANCE  ANJ>  APPLICATIONS 

In  th9  various  proposed  methods  for  carbon  dioxide  control  in  a  closed  environmental  con¬ 
trol  system.  the  decision  to  use  a  regenerative  absorber  or  adsorber  will  be  based  primarily 
■upon  tiis  capacity  of  the  sorber  and  its  regenerability.  The  chemical  absorbers  such  as  the 
alkaline  metals  listed  in  Table  m,  have  good  absorption  capacity  and  are  effective  one-, 
time  use.  They  provide  no  regauer  ability,  however,  as1  to -the  absorption  capacity  or  carbon 
dioxide  recovery  without  prohibitive  power  requirements  for  heating  temperatures  to  de¬ 
compose  the  resulting  carbonates.  This  necessarily  led  to  the  consideration  of  the  use  of  the 
metal  oxides  such  as  magnesium  oxide  and  silver  oxide  which  reacted  with  carbon  dioxide 
to  form  carbonates  that  decomposed  at  somewhat  lowep  temperatures  than  those  for  sodium 
and  potassium  carbonates.  The  melting  pointof  the  magnesium  carbonate^  however,  was  350° 
whereas  its  decomposition  temperature  was  in  the  ftfage  of  448*  to  548%  For  silver  carbonate 
the  temperatures  were  1216  to  149°  for  decomposition,  and  218°  for  melting,  but  the  theoretical 
capacity  was  only  19%  (0,19  lb/lb)  of  silver  oxide.  M  view  of  this  capacity,  other  chemical 

absorbers  appear  competitive.  _  ■ '  -  < 

J  >r 

The  physical  adsorbers,  molecular  sieves,  have  capacities  of  about  6  pounds  of  C02  per  100 

pounds  of  sieve  which  is  about  1/4  to  1/3  the  capacity  of  silver  oxidet  but  the  sieves  are 
subject  to  inactivation  by  preferential  adsorption  of  water.  The  chemical  absorbers  such- as 
the  hydroxides  and  oxides  are  most  effective  only  vdisn  water  is  present^Since  water  will  be 
a  control  constituent  of  the  recirculating  and  control  gas  scream,  it  is  most  reasonable  to  use 
a  carbon  dioxide  control  concept  that  Is  effective  in  the  water  vapor  concentrations  expected 
in  the  controlled  atmosphere.  The  chemical.concept  thus  best  fits -the  need,  - 

Of  the  regenerable  chemical  carbon  dioxide  control  techniques  listed  in  Table  IV,  sodium 
and  potassium  carbonates  are  effective  but  of  rather  limited  application  to  closed -  ecological 
systems.  The  amine  solutions  with  monoethanolamine  and  diethanolamine  are  effective  but 
are  of  large  plant  dimensions.  The  monoethanolamine  was  subject  to  inactivation  due  to  oxida¬ 
tion  of  the  amine.  The  loss  of  capacity  Was  due  to  stable  carbonate  formation  of  other  derived 
compounds  which  required  somewhat  greater  temperatures  for  desorption  of  carbon  dioxide 
than  those  for  monoethanolamine. 

The  use  of  solid  amines  for  carbon  dioxide  absorption,  is  supported  by  experimental  data.. 
Their  use  is  limited,  however,  by  their  relatively  low  capacities  (see  Table  V).  The  Gat-o- 
Sorb  material  capacity  is  about  1  to  2%.  The  resins  so  far  evaluated  are  in  the  1  to  2%  carbon 
dioxide  capacity.  These  resin3  are  activated  when  water  is  present  and  are  desorbed  of  carbon 
dioxide  at  relatively  low  temperatures,  about  80°. 

The  present  work  with  the  t,..zyme,  CA,  in  an  amine  solution  has  shown  that  tris  has  a  proven 
capacity  comparable  to  silver  oxide.  Grafs  work  (Reference  4)  showed  a  capacity  for  tris  in 
his  runs  with  GA  of  16. 6%  at  20°  with  a  carbon  dioxide  removal  of  82.5%  in  a  20-minute  period, 
Ln  the  present  work,  the  capacity  for  tris  alone  was  8.0%  with  a  78.2%  carbon  dioxide  removal 
after  a  20-minute  absorption  period.  During  a  10-minute  absorption  period  at  25%  with  the  CA 
present  in  the  tris,  the  capacity  was  increased  to  9.3%,  and  91%  of  the  carbon  dioxide  was  re¬ 
moved.  The  halving  of  the  time  is  most  significant.  When  a  more  dilute  tris  solution  was  used, 
a  greater  capacity  was  found,  up  to  15,3%  with  only  a  76%  carbon  dioxide  removal  capacity,  in 
a  10-minute  time  interval.  When  the  absorption  was  run  at  13°  instead  of  at  25°  as  above,,  an 
increase  in  capacity  to  17.2%  was  calculates  with  84%  carbon  dioxide  removal  in  a  10-minute 
period. 


Theoretical 

Carbonate 

C0_  Capacity 

Decomposition 

Material  J 

Temperature  • 

Ub/lb) 

(°C) 

Lithium  Oxide 
Lithium  Hydroxide 
Sodium  Oxide 
Sodium  Hydroxide 
Potassium  Ocide 
Potassium  Hydroxide 
Magnesium  Oxide 
Magnesium  Hydroxide 
Calcium  Oxide 
Calcium  Hydroxide 
Silver  Oxide 


pfsllf 
fnlll 

frlrilf 


Carbonate 


Temperature 


121-149 


TABLE  IV 

LIQUID  CARBON  DIOXIDE  ABSORBERS 


COa  Net'  Absorption  Capacity, 
(cu  ft/gal) 


2  N  Na2  C03 

4.5  N  K2C03 

4  N  Triethanolamine 

5  N  Diethanolamine 

l 

9.5  N  Monoethanolamine 
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TABLE  7 


AMIKE  ABSORBER  CAPACITY  VERSUS  MOLECULAR.  SIEVE 


*"*£“  -'H 


Material 


IR  45  Rohm  6  Saas 

Permutit  A 

Nalcite  SAR 

Epon  562  and  Di-t 
ethylene  triamine 

Resin  Slurry 
Polye  thyleneiaine 

Gat-o~Sorb 

Tris  Plus  CA 

Molecular  Sieve 


Weak  Base  Resin 


Medium  Base 


Strong  Bass 


Excess  Amine 


Absorption 

'Capacity 

5.4  mg  CQg/co 

5.6  mg  CO^/cc 
26.9  mg  COg/cc 

20.6  mg  C0-/cc 

c  -  -v,:  ..  . 

20.6  mg  CO^/g 
1-2%  C02 
17.2%  C0? 

6.7  fig.  C02/g 
6.3  mg  C02/g 
5.0  mg  Cp2/g 


Percent 

Regeneration’ 


.*  <  •>  I 


Theenzyme  catalyzed  carbon  dioxide  adsorption  by  amines  has  a  possible  application  to  solid 
carbon  dioxide  absorbers  which  are  chemically  active  in  the  presence  of  water  vapor  in  the 
controlled  gas  stream.  A  significant  reduction  was  indicated  in  the  time  of  absorption  for  the 
amines.  The  absorber’ capacity  remained  high,  and  the  reaction  with  carbon  dioxide  indicated 
a  steep  absorption  front.  The  regenerabilify  of  an  enzyme  catalyzed  amine  abaorb8rf, However, 
requires  additional  study  as  to  its  limitations.  Theenzyme  activity  is  limited  to  temperatures 
below  40°  and  thus  heat  regeneration  is  not  indicated.  The  vacuum  desorption  was  apparently 
not  t'oo  effective  under  the  conditions  that  existed  during  this  effort.  The  application  of  elec¬ 
trical  potentials  to  the  scrbing  medium  should  be  investigated  further  since  a  positive  effect 
upon  desorption  was  indicated. 
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SECTION:  m 
SUMMARY 


The  in -house  investigations  described  in  fills  repor*  evaluated  the  sffectiisuess  ofjGA  in. 
catalyzing  a  carbon  dioxide  absorption  and  desorption  process  in  tela  solution.  The  CQg  re¬ 
moval  curves  provided  the  data  on  capacity  and  effectiveness  and  the  basis  ibr  comparison 
with  standard  absorbers.  <*'■1 


Tris  enzymic  solutions  effectively  p  moved  70  to  SC^  frf  S-je  carbon  dioxide  in  .a  gussam$<s- 
in  -.short  time  Intervals-  of  10  .minutes.  Temperatures  *h£a.  room  ambient  enhanced  the  ; 
capacity  and  file  removal  percentages.  Temperatures  abpim  ^nbient  faFpred  dssqrption> 
of  carbon  dioxide  and  limited  en^jrme-actiyify  whem  #>ove  4fi%  «.  ,,  .t:- 


-  # 


$0 

-  °''V-v  ,  Of; 


Further  study  is  required  on  the  epecific  effeots  of  o^gea  and  amine  interaotions  as  these, 
affect  the  carWn  dioxide  hydration  catalyzed  by  fixe  enzjnhe.  , 
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13.  ABSTRACT 

;  One  concept  of  carbon  dioxide  control  in  aerospace  vehicle  atmosphere  regeneration  and 
control  requires  an  efficient  gas  absorber  which  is  effective  in  a  moist  gas  stream.  A  tris 
(tri(hydroxymetliyl)aminomethane)  solution  containing  the  enzyme,  carbonic  anhydrase 
(CA),  was  studied  as  to  carbon  dioxide  absorption  and  desorption.  The  carbon  dioxide  content 
and  the  pH  changes  were  monitored  during  the  recycling  of  a  gas  mixture  through  toe 
absorber  solution.  Desorption  was  accomplished  by  nitrogen  aeration.  The  application  of 
DC  potentials  to  the  absorber  solution  indicated  an  acceleration  of  carbon  dioxide  desorption. 
Vacuum  desorption  of  carbon  dioxide  without  nitrogen  bubbling  was-not  effective.  Nitrogen 
aeration  at  33°C  was  more  effective  than  at  room  temperature  or  at  13°C.  This  .pH  ofihe  . 
enzyme-tris  solution  varied-  inversely  With  the  carbon  dioxide  content.  The  tris  solution 
was  a  more  effective  carbon  dioxide  absorber  toaaO.i  NNaOH  when  toe  enzyme  was  present. 
A  long  time  stability  of  approximately  five  weeks  for  a  70-mi  aliquot  of  tris  at  0.1  N  with 
io  mg  of  CA  was  indicated  by  the  repeated  absorption  and  desorption  runs  made  in  toe  re¬ 
generation  studies.  The  application  of  a  buffered  enzyme  solution  to  carbon  dioxide  control 
is  supported  by  a  rapid  removal  rate  from  a  recycling  air  stream  and  a  regeneration  capa¬ 
bility.  This  concept  of  carbon  dioxide  control  requires  additional  research  for  toe  evaluation 
of  techniques  to  accelerate  the  carbon  dioxide  desoiption -process. 

(This  abstract  is  subject  to  special  export  controls  and  each  transmittal  to  foreign  govern¬ 
ments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  toe  Air  Force  Flight 
Dynamics  Laboratory  (FDFE),  Wright-Patterson  Air  Force  Base,  Ohio  45433.) 
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